Great attention has been paid to the increasing amount of municipal sludge generated from wastewater treatment plants due to its potential risks to the surrounding environment. The municipal sludge, which mainly composed of polysaccharides, proteins as well as abundant groups of microorganisms, has been proved to be a promising biological material for hydrogen production by anaerobic fermentation. The tests systematically investigated the effects of initial pH on bio-hydrogen production from alkaline pretreated municipal sludge. The results showed that both hydrogenogen and methanogen were inhibited at the initial pH 2 to 4, which resulted in little hydrogen production. The methanogen inhibition was obvious by the rate of 94-98 % at the initial pH 5. The relatively high hydrogen production appeared at the initial pH 5 during the fermentation using the alkaline pretreated sludge at pH=12.0, and the corresponding pH at the end of fermentation was from 5.0 to 6.0, which was good for hydrogen production from saccharide. The hydrogenogen and methanogen could be promoted and the lag phase for hydrogen production could be shorten at the initial pH 6 to 10, however the corresponding hydrogen production was quite low. It also could be concluded that the alkaline pretreated sludge with initial pH 12.0 gave the highest hydrogen production, and the initial pH 12.0 for the alkaline pretreated sludge could inhibit methanogen growth and meanwhile maintain a high activity of the hydrogenogen.
Introduction
The biological wastewater treatment processes are used worldwide, and large amounts of sewage sludge are produced from these biological processes. In 2010, about 0.12 billion ton of municipal wastewater was treated in more than 2500 municipal wastewater treatment plants every day in China, producing about 30 million ton of sludge per year (moisture content about 80 %) [1] . The anaerobic digestion was previously shown to be a valuable treatment, resulting in reduction of sludge volume and production of an energy-rich biogas [2] [3] [4] . The wasted sludge treated by the anaerobic digestion process is generally to produce methane. Hydrogen, as we know, is a promising candidate as a clean energy carrier of the future, and some studies are focusing on using the sludge to produce hydrogen by anaerobic fermentation.
Fermentative hydrogen production is a very complex process and influenced by many factors such as inoculum, substrate, pH, nitrogen, phosphate, metal ion, temperature, etc. Of the various parameters, the pH is considered the most useful and it is known to influence enzymatic activity, because each enzyme is active within only a specific and narrow pH range and displays maximum activity at an optimum pH [5] . Since most studies were conducted in batch mode without pH control, only the effect of initial pH on fermentative hydrogen production was investigated [6] . But the reported optimal initial pH value for hydrogen production is conflicting. For example, the optimal initial pH for fermentative hydrogen production reported by Khanal [7] et al. was 4.5 for sucrose and starch using compost material obtained from Iowa State University composting pile as a seed source. While the influence of initial pH of the culture medium on hydrogen production was studied by Lee et al. using sucrose solution and a mixed microbial flora from a soybean-meal silo, and the optimum initial pH was 9.0 [8] . Zhang conducted batch experiments to convert starch in wastewater into hydrogen at 55ºC at initial pH values between 4.0 and 9.0, and the maximal hydrogen yield was found at pH 9.0 [9] .The possible reason for above disagreement was the difference among these studies in the terms of inoculum, substrate and initial pH range studied [6] . Most of the studies on fermentative hydrogen production were focus on using glucose and sucrose as substrate, but now more and more studies on fermentative hydrogen using organic wastes including sludge as substrate are investigated. Some researchers explored the influence of the initial pH on the bio-hydrogen production using alkaline [10] [11] [12] [13] [14] [15] , heat [13] [14] [15] , acid [16] [17] , and ultrasonic [18] pretreated sludge and so on by anaerobic fermentation. With regard to the alkaline pretreated sludge, the researchers only discussed the impact of the initial pH on the bio-hydrogen production using alkaline sludge pretreated at pH=12, and the sewage sludge was obtained from the aeration tank of a municipal wastewater treatment plant, namely excess activated sludge. But as for the impact of the initial pH on bio-hydrogen production from the alkaline sludge pretreated at other pH, seldom research was concern. Meanwhile, the bio-hydrogen production using alkaline mixing sludge from thickener (refer to as thickener sludge), viz. mixture of primary sludge and excess activated sludge was either seldom discussed. This paper concentrated on pretreating the sludge with alkaline at different pH values, and performed the systematic examination of the influence of the initial pH(from pH=2 to pH=12)on the bio-hydrogen production using alkaline thickener sludge by anaerobic fermentation.
Materials and methods
Sludge. The sewage sludge was obtained from thickener of a municipal wastewater treatment plant in Shanghai. Samples were stored at 4°C prior to use. The basic characteristics of the raw sewage sludge used were: pH=6.15, total solids (TS) = 7.75 % (w/w), volatile suspended solids (VSS) = 50140 mg/l. Alkaline pretreatment. The sludge was pretreated with the slow addition of alkali of 10.0 mol·L -1 sodium hydroxide, and the pH value was controlled at 12.0, 11.0, 10.0, 9.0 respectively. After alkaline addition, the sludge was further stirred for 30 min and then placed in refrigerate at 4 ºC for 24 h. Then adjusted the alkaline pretreated sludge's initial pH to 2-12 respectively by slowly adding 10.0 mol·L -1 hydrochloric acid or 10.0 mol·L -1 sodium hydroxide before using as the substrates for batch experiments. Batch fermentation tests. Batch experiments of bio-hydrogen production from sludge by fermentation were carried out using serum vials with a working volume of 250 ml. The tested sludge(prepared as Section "Alkaline pretreatment") was sampled at 100 g and then put in the vial, and the test using the sludge without any pretreatment was set as the control. Oxygen in the vials
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Selected Proceedings of the Eighth International Conference on Waste Management and Technology was removed from the headspace by nitrogen gas sparging for 1 min. The vials were then capped with rubber stoppers and placed in a thermostatic chamber whose temperature controlled at 36 (±1ºC). The schematic diagram of experimental installation was shown in Fig. 1 , and the "liquid sealed" was always kept in case of interchange of gases between the interior gas of the installation and the surrounding air. The composition of the biogas extracted with a gas-tight glass syringes from each bottle at sampling port was measured. Tests of each initial pH value were carried out in triplicate. Test results took the average of three parallel samples.
Fig. 1 Experimental installation
Analysis. Biogas compositions were determined using a Shimadzu (Japan) GC-14B gas chromatograph equipped with a thermal conductivity detector and a 2 m×2 mm (inside diameter) stainless-steel column packed with GDX104 (80-100 mesh). The temperatures of the injection, detector and column were kept at 40, 40 and 80 ºC, respectively. Nitrogen was used as the carrier gas at a flow rate of 30 ml/min. The gas in the headspace of serum bottles was sampled with a 0.2 ml gastight syringe and measured by comparing the sample biogas with standard hydrogen or standard CH 4 gas. The concentrations of total solids (TS) and volatile solids (VS) were measured following the procedures described in Standard Methods [19] . The pH value was measured by a pH meter (ZD-2, China). The carbohydrate concentration was measured according to the phenolesulfuric acid method, using glucose as the standard [20] . For total protein determination, the Kjendahl method was employed [21] .
The measurement of the produced gas volume was based on the displacement of saturated brine. The cumulative hydrogen/methane gas production was determined by using the following equation:
are the volumes of cumulative hydrogen/methane (ml) calculated after the ith and the previous measurement；C H,i , C H,i-1 are the percent hydrogen/methane(％) in the head space of the bottle for the ith and the previous measurement; V G,,i is the total gas volume measured by the water displacemen for the ith(ml); V H are the volumes of the gas in the head space of the bottle (200 ml).
The inhibitory rate of methane production was determined by using the following equation:
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Where IR is the inhibitory rate of methane production(%); A is the accumulative methane production using raw sludge as the control test for n h(ml)；B is the accumulative methane production using alkaline pretreated sludge for n h (ml).
Results and analysis
Influence of the initial pH on the hydrogen production. There was no measurable hydrogen production from the raw sludge which was not pretreated by alkaline during the anaerobic fermentation (Fig. 2) . The impact of the initial pH value on the bio-hydrogen production from the alkaline pretreated sludge was quite obvious, and the hydrogen production from the sludge with the initial pH value among alkali was much higher than the production at acidic or neutral condition.
(1)When the initial pH=2.0, namely under the strong acidic condition, alkaline pretreated sludge did not give hydrogen or methane during the anaerobic fermentation. Under the strong acid condition, the microorganism was unable to survive, neither was the anaerobic fermentation metabolism process to be carried on. (2) Hydrogen production occurred at the initial pH of 3.0 for the alkaline sludge pretreated at pH=9.0 and 10.0, but not for those at pH=11.0 and 12.0. Probably it was because the microorganism was unable to survived for its living environment changed intensely, namely the pH changed from strong alkali (pH=11.0 and 12.0) to strong acid (pH=3.0), and the anaerobic fermentation was unable to be carried on. (3) The accumulative hydrogen production from the anaerobic fermentation using alkaline sludge pretreated at different pH reduced when the initial pH increased from 4.0 to 7.0, then began to rise when changing from 7.0 to 12.0. That is to say, the accumulative hydrogen production reduced to the lowest while the initial pH value was close to the neutrality, but it started to increase while the initial pH rose further, and reached the maximum at initial pH=12.0. Influence of the initial pH on hydrogenogens and methanogens. In Fig. 3 , the alkaline sludge pretreated at various pH did not give methane production at the initial pH 2.0 to 4.0, and methane suppression rate equaled to 100 %. The inhibitory to methanogens activity was also obvious at the initial pH =5.0 by the rate of 94 to 98 %. However, the methane production reached the highest at the initial pH varying from 6.0 to 8.0, namely the inhibitory to methanogens activity fell to the lowest. The methane production reduced obviously while the initial pH varied from 9.0 to 12.0, and the methanogens activity was inhibited strongly, the inhibition rate were all above 93.90 %.
Selected Proceedings of the Eighth International Conference on Waste Management and Technology
A spot of hydrogen was produced at the initial pH between 3.0 and 4.0 (Fig. 2) . The reason for low hydrogen production was that the hydrogen producing and hydrogen consuming microorganisms are all inactive. But it was worth noting that much hydrogen production was attained at initial pH of 5.0 from the alkaline sludge pretreated at pH=12.0. It showed that at initial pH of 5.0 for alkaline sludge pretreated at pH=12.0, the hydrogenogens was relatively active, while the hydrogen-consuming anaerobe was not. The reason for this phenomenon was possibly that the alkaline pretreatment strongly improved the concentration of soluble material, including the concentration of soluble sugar, which was good for the hydrogenogens saccharidephilus growing (generally the most suitable pH is to be 5-6 [22] [23] [24] [25] [26] ), and thus germinated and vivified the hydrogenogens. Meanwhile the initial pH of 5.0 was not fit for hydrogen-consuming microorganism, and the inhibition rate was 98 % ( Fig. 2) . As for the initial pH varying from 6.0 to 8.0, bio-hydrogen production was low. The reason for its low hydrogen production was quite different from that at the initial pH between 3.0-4.0. The hydrogenogens and hydrogen-consuming microorganisms were all active between 6.0-8.0, and the hydrogen was consumed quickly by hydrogen-consuming microorganisms (mainly methanogens).The accumulative hydrogen production started to rise again at the initial pH from 9.0 to 12.0, and attained the maximal yield at initial pH=12.0. The reason for this result was that the inhibition of methanogen enlarged along with the increase of the initial pH varying from 9.0 to 12.0, and the inhibition rate achieved 99 % at the initial pH of 12.0. On the other hand, the initial pH reduced to 8.0-9.0 during the fermentation procession (explicating in Section "Influence of the initial pH value on terminal pH of fermentation"), which maybe the suitable pH for hydrogenogens protaindephilus growing; meanwhile, the lysis strengthened along with the increase of initial pH varying from 9.0 to 12.0; besides, suitable concentrate of Na + can promote to produce hydrogen [27] . Thus the environment with the pH at 8.0-9.0 during the fermentation for the alkaline sludge pretreated at pH= 12.0 at initial pH of 12.0 full of soluble organic material and with proper concentrate of Na + became fit for the hydrogenogens reproduction, and the hydrogenogens got more active. So the biohydrogen yield at initial pH 12.0 reached its highest amount among the initial pH the work studied. Fig. 3 The inhibition rate of methane production at different initial pH using the alkaline pretreated sludge
Influence of the initial pH value on hydrogen production rate. The influence of the different initial pH value on hydrogen production rate had similarity for pretreated sludge at the pH of 9.0 and 10.0. The closer the pH value was to neutrality, the higher the hydrogen production rate was.
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The main reason was that the closer pH value was to neutrality, the shorter the leg period was (shown in Fig.4 (a) and (b)), and so hydrogen production rate was also correspondingly high. Furthermore, the hydrogen production rate under the acidic condition was lower than that at the alkaline condition, because the accumulative hydrogen production of the former was much lower than that of the latter. For sludge pretreated at the pH of 11.0 and 12.0, relatively higher hydrogen production rate had attained at the initial pH of 5.0 or 6.0, but reduced gradually along with the further increase of initial pH to neutrality. The closer the pH value was to neutrality, the lower the hydrogen production rate was. Although the leg period was shorter when pH value being closer to neutrality(shown in Fig.4 (c) and (d) ), the hydrogen production rate was still low due to its little hydrogen production. While the initial pH located on alkaline scope, the hydrogen production rate gradually increased again. Generally speaking, hydrogen production rate under the acidic condition was higher than that under the alkalinity condition. The latter hydrogen yield was greater, but its corresponding leg period was also longer, and thus led to lower hydrogen production rate. Take for a case, the alkaline sludge pretreated at pH=12.0 with initial pH 12.0, the accumulative hydrogen yield reached to the maximum, but for its longest leg period, hydrogen production rate was only 0.27 ml/h. Fig. 4 The leg period for hydrogen production at different initial pH using the alkaline pretreated sludge Fig. 5 The maximum hydrogen production rate at different initial pH using the alkaline pretreated sludge
Influence of the initial pH value on terminal pH of fermentation. Fig. 6 displayed the corresponding terminal pH, i.e. the pH at the end of anaerobic fermentation for the various alkaline pretreated sludge at different initial pH value.
(1)The corresponding terminal pH of anaerobic fermentation with the initial pH between 2.0 and 4.0 was mostly less than 5.0, and the relative anaerobic fermentation was hardly carried on. (2)The corresponding terminal pH of anaerobic fermentation at the initial pH of 5.0 lay between 5.5 and 6.0. The terminal pH for the alkaline sludge pretreated at pH of 12.0 was 5.96, which was suitable for the hydrogenogens saccharidephilus reproducing, and thus caused much hydrogen production. The degradation rate of total sugar reached 31.93 % during anaerobic fermentation at the initial pH of 5.0 for the alkaline sludge pretreated at pH of 12.0, while the degradation rate of proteins were relatively low, only 24.95 % ( fig. 7 ). It could be seen that the glucose metabolism process was mainly carried out in anaerobic fermentation at the initial pH of 5.0, and this result was consistent with the phenomenon explanations in Section "Influence of the initial pH on hydrogenogens and methanogens". (3) The corresponding terminal pH was located between 6.0-7.0 for anaerobic fermentation at the initial pH from 6.0 to 8.0, and 7.0-8.0 for 9.0 to 10.0, and 8.0-9.0 for 11.0 to 12.0. That is, the terminal pH of anaerobic fermentation increased with the rise of initial pH. For the samples with initial pH 12.0, whose hydrogen production was maximum, the corresponding terminal pH were all between 8.5 to 9.0, and thus it could be concluded that 8.0-9.5 was the optimum pH for hydrogen production from anaerobic fermentation using alkaline pretreated sludge. But most of researches indicate that the optimal pH for the hydrogenogens growth fall on 5.0-6.0 [22] [23] [24] [25] [26] . The reason for the different results was that other works chose the carbohydrate as the substrates, while this research took the sludge as substrate, whose main composition was protein. Fig.7 displayed that the main substrate degraded was also protein for the alkaline sludge pretreated at pH of 12.0 during anaerobic fermentation at the initial pH of 12.0. Xiao [13] investigated fermentative hydrogen production from thermally treated sewage sludge and concluded that the initial pH had little effect on the fermentative hydrogen production.
The authors [16] of this paper previously did some research on the acid pretreatment sludge obtained from thickener of a municipal wastewater treatment plant (including primary sludge and activated sludge), whose principal constituent was protein, and found that the optimal initial pH for the hydrogen production was 11.0. This paper investigated the sludge from the same sources as previous work, but pretreated by alkaline, and thus showed the different result, that is, the optimal initial pH for the hydrogen production from alkaline pretreated was 12.0. The possible reason was that the sodium hydroxide added to the acid pretreated sludge to adjust initial pH to 12.0 exceeded the threshold which promoted the hydrogen production (the concentrate of Na + between 8000 and 16000 mg/l intensely inhibited the hydrogen production [27] ), and thus gave little hydrogen. While for the initial pH of 11.0, the sodium hydroxide added to adjust initial pH was possibly within the threshold and promoted the hydrogen. As for the alkaline pretreated sludge, the sodium hydroxide added to adjust initial pH to 12.0 was also within the threshold and promoted the hydrogen.
Research done by Cai [10] and Xiao Benyi [14] suggested that the maximal hydrogen production for anaerobic fermentation using alkaline pretreated activated sludge from municipal wastewater treatment plant as substrates was obtained when controlling the initial pH value at 11.0. While this paper investigated the alkaline pretreated thickener sludge by regulating various pH values and found that the maximal hydrogen production was attained at initial pH of 12.0. The possible reason for the different results was that the activated sludge as fermentation substrates which Cai and Xiao Benyi used was rich in protein, while the sludge used for this paper had relatively higher C/N ratio than the former, and so the terminal pH would be dropped to lower value than the former. Therefore in order to obtain the terminal pH value of 8.5-9.0, initial pH value of the latter should be correspondingly higher. Fig. 7 The degradation rate of the saccharide and the protein protein during hydrogen fermentation using the alkaline pretreated sludge at the initial pH of 5 and 12
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